Introduction
One of the most amazing aspects of the human brain is its ability to learn information and use it to change behaviour. The study of synaptic plasticity, in the context of learning and memory, has been of recent interest in the field of neurobiology (Martin et al., 2000; Abel & Lattal, 2001; Tyler et al., 2002; Pang & Lu, 2004; Bramham & Messaoudi, 2005; Rattiner et al., 2005; Soule et al., 2006; Lubin, 2011) and exercise neurobiology (Dishman, 2006; Dishman et al., 2006; Hillman et al., 2008; Piepmeier & Etnier, 2015) .
The general purpose of this brief review was to elucidate the mechanistic role of brain-derived neurotrophic factor (BDNF) influencing memory function and describe the role exercise may play in the moderation of this relationship. Other reviews (Martin et al., 2000; Abel & Lattal, 2001; Tyler et al., 2002; Pang & Lu, 2004; Bramham & Messaoudi, 2005; Rattiner et al., 2005; Soule et al., 2006; Lubin, 2011; Skriver et al., 2014; Piepmeier & Etnier, 2015) have discussed these parameters in isolation (BDNF and memory; exercise and BDNF), but there has been little discussion in a single review summarizing these parameters together, while specifically focusing on memory as opposed to general cognitive function. Thus, this brief primer is warranted due to the lack of an integrated discussion on exercise, BDNF and episodic memory function. Figure 1 provides a schematic overview of the effects of exercise on BDNF and its related pathways that subserve memory function. This schematic will provide the framework for the narrative that follows. Specifically, we will first discuss the effects of exercise on BDNF as well as how exercise influences molecular pathways related to memory function (which will be further discussed thereafter). Given that the majority of this work has been conducted in non-human models, herein we will focus on the findings from animal models. After establishing this link between exercise and BDNF, we will detail the synthesis process of BDNF, followed by how BDNF is regulated. After this understanding of the influence of exercise on memory, as well as the synthesis and regulation process of BDNF, we will conclude by discussing the mechanistic pathways through which BDNF may influence memory function.
Exercise on BDNF and related pathways
The neurotrophin hypothesis suggests that repetitive activation of neurons increases the expression, secretion and/or actions of neurotrophins at the synapse to modulate synaptic transmission and connectivity (Schinder & Poo, 2000) . Specifically, neuronal activity may help to facilitate neurotrophin synthesis, neurotrophin secretion and neurotrophin signalling. This, in turn, may help to facilitate postsynaptic responsiveness, synaptic morphology, presynaptic transmitter release and membrane excitability, all of which may help to subserve modulation of synaptic transmission and connectivity (Schinder & Poo, 2000) . Exercise may help to facilitate all of these effects via exercise-induced neuronal activity. This direct exerciseinduced neuronal stimulation is thought to occur via the afferentation theory of cerebral arousal, which involves the stimulation of muscle stretch receptors (i.e., muscle afferents), producing cerebral stimulation (i.e., action potentials generated by the muscle afferents are transmitted by peripheral nerves to the dorsal spinal cord and then eventually to cerebrum) (Lanier et al., 1989 (Lanier et al., , 1994 Lanier, 1997) . The memory-enhancing effect of exercise prior to learning aligns with previous work demonstrating that repeated neuronal stimulation can result in long-lasting potentiation (Bliss & GardnerMedwin, 1973) , with this long-lasting potentiation depending on local events during its induction, as well as on the prior activity of the neuron (Frey & Morris, 1997) . In addition to a potential direct effect of exercise on hippocampal BDNF production, exercise may also indirectly influence hippocampal BDNF production via peripheral mechanisms. As suggested elsewhere (Sleiman et al., 2016) , exercise may induce DBHB (D-b-hydroxybutyrate) synthesis in the liver, which is then circulated systemically and transported to the hippocampus, ultimately modulating BDNF expression via HDAC (histone deacetylases) inhibition.
In the short term, wheel running for 6 h has been shown to induce BDNF mRNA (Oliff et al., 1998) . Further, free access to activity wheels for 1-8 weeks has been shown to increase hippocampal BDNF mRNA and BDNF protein levels (Van Hoomissen et al., 2003; Farmer et al., 2004; Adlard et al., 2005) . Younger mice appear to exhibit larger exerciseinduced increases in BDNF when compared to older mice (Adlard et al., 2005) .
In addition to exercise modulating BDNF concentrations directly, exercise has been shown to modulate BDNF-linked pathways. Wheel running for 1 week has been shown to increase MAPK/ERK signalling (Shen et al., 2001) . Similarly, wheel running has increased PI3K protein in rats after 2 weeks of exercise (Chen & Russo-Neustadt, 2005) . Following wheel running, there is an increase in NMDA receptor subunits NR2B mRNA in the dentate gyrus (Farmer et al., 2004) . These pathways are discussed in more detail below. 
Synthesis and regulation of BDNF Synthesis
Neurotrophins are important in the plasticity of the nervous system, and members of the neurotrophin family include nerve growth factor (NGF), neurotrophin-3 (NT3), neurotrophin-4/5, neurotrophin-6, neurotrophin-7 and BDNF (Huang & Reichardt, 2001) . Notably, NT6/7 has only been observed in fish (Huang & Reichardt, 2001 ). Among these neurotrophins, BDNF has received considerable interest as a mechanism of neuronal plasticity, particularly since the greatest concentrations of BDNF levels in the mammalian brain are located in the hippocampal structure (Murer et al., 2001 ). Brain-derived neurotrophic factor (BDNF) is expressed from the BDNF gene, which is located on chromosome 11, regions p13-14 (Cattaneo et al., 2016) . It is released via one of three mechanisms: Ca 2+ influx from postsynaptic sites, Ca 2+ influx from presynaptic sites or Ca 2+ release from intracellular stores (Cunha et al., 2010) . The BDNF protein is synthesized as a pre-pro-BDNF protein. This "presequence" is then cleaved off in the endoplasmic reticulum. The pro-BDNF protein moves, through the Golgi apparatus, to the network of the transGolgi. Pro-BDNF is either secreted as mature BDNF (mBDNF) or secreted as pro-BDNF. Presynaptic BDNF release is activitydependent, based on calcium influx (action potential-induced intracellular Ca 2+ release or Ca 2+ enters the presynaptic cell from extracellular space via voltage-gated Ca 2+ channels), which causes an increase in presynaptic vesicle cycling (docking of vesicles to release BDNF, glutamate, etc.). After being released, pro-BDNF binds preferentially to p75 NTR (pan-neurotrophin receptor; low-affinity bound receptor), whereas mBDNF binds preferably to both pre-and postsynaptic TrkB (tropomyosin receptor kinase B) receptors (high-affinity bound receptor) (Cunha et al., 2010) . As noted below, successful receptor binding plays a critical role in initiating a cascade of pathways that facilitate learning and memory. These pathways (discussed hereafter) are primarily activated from the receptor binding of mBDNF on TrkB. Levels of pro-BDNF are often cleared by nearby astrocytes (Bergami et al., 2008) . Activation of TrkB increases spine density and prevents agerelated decline in fear-based memory (Zeng et al., 2012) . Importantly, exposure of hippocampal-based neurons to BDNF elevates levels of TrkB in the membrane and also helps regulate insertion of TrkB receptors (Nagappan & Lu, 2005) , which is important as rats with reduced TrkB receptors show reduced hippocampal long-term potentiation (Xu et al., 2000) .
Regulation
In addition to being regulated by Ca 2+ , and increasing its own transcription via CREB-mediated mechanisms (Finkbeiner et al., 1997) , BDNF levels are also regulated by neuronal activity, as shown from elevated BDNF mRNA levels in the hippocampal structure following the execution of a learning task (Kesslak et al., 1998; Hall et al., 2000) as well as induction of seizure activity (Ernfors et al., 1991; Zafra et al., 1991) . Similarly, inhibition of neuronal activity via GABA or GABA A receptor agonists decreases BDNF expression (Zafra et al., 1991; Lindholm et al., 1994) . Hippocampal-specific deletion of the BDNF gene (Val66Met polymorphism), in turn, has been shown to impair spatial learning in the Morris water maze task (Heldt et al., 2007) in animals and worse memory function in older adults (Azeredo et al., 2017) . Similarly, interference of BDNF signalling in the amygdala influences the consolidation of fear conditioning (Mahan & Ressler, 2012) . Further, prolonged exposure to excessive BDNF levels acts, through a negative feedback mechanism, by reducing TrkB receptors and inducing receptor desensitization to BDNF (Frank et al., 1996) .
BDNF and memory
Compared to control animals, rats who received infusions of anti-BDNF antibody displayed evidence of impaired learning and memory, as indicative of worse performance on the Morris water maze task (Mu et al., 1999) . Similarly, BDNF knockout mice show minimal late-LTP (Korte et al., 1998) . Interestingly, treatment with BDNF to BDNF null mutant mice reversed deficits in LTP (Korte et al., 1995; Patterson et al., 1996; Pozzo-Miller et al., 1999) , suggesting that, from these "rescue" experiments, BDNF is a key mediator of LTP induction.
Regarding the above-noted BDNF-related influences on memory, BDNF may influence memory via alterations in long-term potentiation (LTP). The three main avenues through which BDNF exerts its influences on LTP are through pathways involving PLC-y (BDNF/TrkB/PLC-y/IP3 ? intracellular Ca 2+ release from the endoplasmic reticulum ? postsynaptic BDNF release, as well as activation of CamKII, which activates CREB), PI3K (BDNF/TrkB/PI3K/AKT ? neuronal survival) and ERK (BDNF/TrkB/ERK ? transcription). Postsynaptic BDNF can elevate levels of TrkB (Haapasalo et al., 2002) , as well as increase trafficking of postsynaptic NMDA receptor subunits to the membrane in hippocampal cells (Caldeira et al., 2007) , thereby increasing postsynaptic calcium influx. Elevated calcium can cause postsynaptic BDNF release via the BDNF/TrkB/PLC-y/IP3 pathway (Patapoutian & Reichardt, 2001; Binder & Scharfman, 2004) . Increased BDNF levels have been shown to increase single-channel open probability of NMDA (Jarvis et al., 1997) as well as increasing phosphorylation of the NR1 and NR2B subunits (NMDA receptor complex) (Tyler et al., 2002) . Non-prolonged TrkB activation, however, has been shown to rapidly phosphorylate NMDA receptor NR1 and NR2B subunits in postsynaptic neurons (Suen et al., 1997; Lin et al., 1998) . BDNF can also upregulate GluR1 AMPA receptor expression and phosphorylation (and translocation) (Tyler et al., 2002) , as well as modulate inhibitory transmission by altering the activity of GABA receptors (Rose et al., 2004) . Thus, the effects of BDNF on NMDA receptor function have direct influences on Ca 2+ influx, and thus, facilitating pathways pertinent to memory and learning, such as LTP (Tyler et al., 2002) . A key aspect of LTP involves synaptic consolidation, and notably, contact of hippocampal slices with BDNF causes phosphorylation of CREB, which increases the expression of several genes, including c-fos (Riccio et al., 2006) . Thus, BDNF activates several pathways that act together to create widespread effects that influence memory formation and synaptic plasticity. Such an effect can rapidly occur, as low concentrations of BDNF have been shown to cause membrane depolarization of the hippocampal structure within a few milliseconds, inducing an action potential (Kafitz et al., 1999) .
Conclusion
In conclusion, in this brief primer, we discuss potential underlying mechanisms through which BDNF may help to facilitate long-term potentiation, which includes, for example, BDNF-induced alterations in membrane receptor expression and translocation, as well as activating several pathways (PLCy, PI3K, ERK) that act together to facilitate cellular effects that influence synaptic plasticity and memory. We also discuss ways in which exercise may help to facilitate BDNF expression and its downstream cellular pathways. Although there is some mechanistic work demonstrating that BDNF mediates the relationship between exercise and memory function (Vaynman et al., 2004) , additional work on this is warranted (Etnier et al., 2016) . In particular, while yet to be fully explored, the atypical or damaged brain may demonstrate different functional or operational properties (Loprinzi et al., 2013) , and thus, this should be considered in the future work on this topic.
